Recent results suggest a paradigm shift from viewing inorganic phosphate as a passive requirement for basic cell functions to an active regulator of cell behavior. We have previously shown that elevated concentrations of phosphate increased cell proliferation and expression of protumorigenic genes such as Fra-1 and osteopontin in a preosteoblast cell line. Therefore, we hypothesized that elevated phosphate concentrations would promote cell transformation in vitro and tumorigenesis in vivo. Supplementation of medium with phosphate increased anchorage-independent transformation and proliferation of BALB/c mouse JB6 epidermal cells, activation of N-ras, ERK1/2, and activator protein-1, and increased gene expression of Fra-1, COX-2, and osteopontin in a dose-dependent manner. These in vitro results led to the hypothesis that varying the levels of dietary inorganic phosphate would alter tumorigenesis in the mouse model of skin carcinogenesis. Female FVB/N mice were treated with 7,12-dimethylbenz (a)anthracene/12-O-tetradecanoylphorbol-13-acetate and fed high-or low-phosphate diets (1.2% versus 0.2% of the diet) for 19 weeks. The high-phosphate diet increased skin papilloma number by ∼50% without changing feed intake and body weights. High dietary phosphate increased serum concentrations of phosphate, parathyroid hormone, and osteopontin and decreased serum concentrations of calcium. Thus, we conclude that elevated phosphate promotes cell transformation and skin tumorigenesis partly by increasing the availability of phosphate for activation of N-ras and its downstream targets, which defines reducing dietary phosphate as a novel target for chemoprevention. Cancer Prev Res; 3(3); 359-70. ©2010 AACR.
Introduction
Tumorigenesis is a multistage, complex process often involving both genetic and environmental or lifestyle factors. Lifestyle factors, such as diet, could have a profound influence on the initiation, progression, and/or recovery from disease. This idea is supported by studies evaluating the effects of human migration on the incidence of particular diseases including cancer (reviewed in ref. 1) . A general estimate of the potential contribution of diet to cancer ranges from 10% to 70% (2) . Diet represents an environmental factor that can be relatively easily manipulated and it is becoming increasingly apparent that diet could have profound effects on functional genomics (3). However, sufficient information does not currently exist to permit a comprehensive utilization of individual dietary components in the prevention, intervention, and treatment of disease. A number of in vitro studies have suggested that inorganic phosphate (Pi) and phosphate transport are necessary for cell growth, essentially acting as a mitogen (4-7); however, little research has been directed at determining the mechanism and the consequences of elevated Pi in vivo. Our previous results in a preosteoblast cell line suggested that, in vitro, elevated Pi led to increased cell proliferation (8) as well as activation of ERK1/2, changes in protein and gene expression of activator protein-1 (AP-1), and increased expression of transformation-associated proteins such as osteopontin (OPN), Fra-1, and cyclin D1 (8) (9) (10) (11) (12) . In addition, elevated Pi promotes Akt-ERK1/2-Mnk1 signaling, cap-dependent protein translation, and growth in human lung cells (13) . Taken together, the data suggest that the elevated levels of available Pi may be an important driving factor in the growth and transformation potential of cells.
The transformation-sensitive epidermal cell line JB6 is recognized as an excellent model to study multi-stage tumor promotion, including the effects of bioactive food components such as Pi on the process of transformation (14) . When treated with various tumor promoters, these cells respond with anchorage-independent growth in soft agar and tumorigenicity (15) . Many key factors necessary for various steps of the transformation process have been identified and include: activation of members of the AP-1 transcription factor family, an increase in cyclins A, B1, and D1, activation of signaling proteins ERK1/2 and iNOS and increased expression of the extracellular matrix protein osteopontin (reviewed in ref. 16 ). Members of the AP-1 transcription factor family (17) have also been identified as attractive targets in chemoprevention because their activation is linked to proliferation, transformation, and inflammation (reviewed in ref. 18 ) in a number of cell types and tissues including skin (19) . A number of food factors have been shown to reduce AP-1 activity and thereby reduce the associated transformation properties (reviewed in refs. 18, 20) . A gene/protein that is also tightly associated with transformation, inflammation, and metastasis is OPN, an extracellular matrix and circulating factor (21) (22) (23) . Osteopontin influences cell function by acting as a cytokine through its ability to bind integrin receptors. Recently, OPN was found to be regulated by AP-1 under transforming conditions in the JB6 transformation model (24) and to be strongly regulated by Pi (10) . The cellular and molecular events required for transformation in this model have been validated in vivo using the 7,12-dimethylbenz(a)anthracene/12-O-tetradecanoylphorbol-13-acetate (DMBA/TPA) two-stage skin carcinogenesis mouse model (23) , which is commonly used to study the initiation, promotion, and progression of carcinogenesis (25) . The defined molecular mechanisms make the JB6 and two-stage skin carcinogenesis models an excellent system to study the effect of Pi on cell transformation and tumorigenesis.
The ras family (H, K, N, R) of small GTP-binding proteins (∼21 kDa) function as important signaling proteins in controlling proliferation, transformation, and tumor invasion (reviewed in ref. 26) . Ras proteins are activated in the GTP-bound state and are known to be central to many events related to proliferation, transformation, and tumor invasion through downstream effectors ERK1/2 and Akt. Ras-regulated proliferation and transformation is linked to the regulation of proteins such as cyclin D1, the AP-1 transcription factor Fra-1, and osteopontin, all of which we have previously shown to be responsive to elevated Pi (8, 10, 11) . Investigations into the role of ras and tumorigenesis have focused on activating mutations, however, overexpression of ras without activating mutations is also capable of transforming cells (27, 28) . Although in vivo papilloma formation is known to involve activating mutations in the H-ras isoform and activation of AP-1 transcription (29) , the H-ras null mice do form papillomas with 62% having k-ras mutations and 38% having no ras mutations (30) .
The objective of the current study was to test the hypothesis that elevated levels of Pi promote proliferation and anchorage-independent growth of transformationsensitive epidermal cell line JB6 and skin tumorigenesis in DMBA/TPA-treated female FVB/N mice. Furthermore, we explored the molecular mechanism by which Pi alters tumorigenesis and hypothesized that Pi promotes the activity of ras, ERK1/2, and AP-1, and ultimately, gene expression of Fra-1, COX-2, and osteopontin in a dosedependent manner.
Materials and Methods

Cell culture
Transformation-sensitive JB6 (clone 41) mouse epidermal cells were cultured in monolayers at 37°C and 5% CO 2 using Eagle's minimal essential medium (1 mmol/L Pi; Invitrogen) containing 4% fetal bovine serum (Atlanta Biologicals) supplemented with 2 mmol/L of L-glutamine, 100 units/mL of penicillin and 100 μg/mL of streptomycin (Invitrogen). GDPβS was purchased from Calbiochem. Unless noted, all experiments were done in Eagle's minimal essential medium which contains 1 mmol/L of Pi, and concentrations listed in the figures are final Pi medium concentrations. Added Pi was in the form of NaPO 4 (pH 7.4; Sigma).
Cell proliferation assays
Cell viability was measured using 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino) carbonyl]-2H-tetrazolium hydroxide (XTT) assay according to the protocols of the manufacturer (Promega). JB6 cells were plated at 5 × 10 3 cells/100 μL per well in 96-well plates. After 24 h, plated cells were treated with 1 and 2 mmol/L of Pi (1, 2, and 3 mmol/L final) for 36 h. The change in absorbance was measured 1 h after addition of XTT assay reagent on a Bio-Rad Lumimark plate reader (Bio-Rad Laboratories). The results are from six replicates/treatment. Cell counts were done generally as described previously (8) . JB6 cells were plated at 5 × 10 4 cells/well of a 12-well plate and cell counts were done after 96 h in medium containing 1 or 3 mmol/L of Pi (final). Cell cycle analysis was done by Flow Cytometry. JB6 cells were subcultured on 10 cm plates and after 48 h, 2 mmol/L of phosphate was added, or not, for a final concentration of 1 and 3 mmol/L. After 36 h, cells were lifted with Accutase (Innovative Cell Technologies, Inc.), washed with PBS, fixed in ethanol, and washed twice. Cells were stained with propidium iodide (Roche) at 0.1 mg/mL final with RNase A (Invitrogen) 1 h prior to analysis by flow cytometry (Accuri Flow Cytometer).
Anchorage-independent transformation assay
Promotion of neoplastic transformation assays were done as described previously (15) . In a 60-mm tissue culture dish, JB6 cells (1 × 10 4 ) were resuspended in 1.5 mL of 0.33% agar in Eagle's minimal essential medium (1 mmol/L Pi) with 10% fetal bovine serum and layered over 7 mL of 0.5% agar in Eagle's minimal essential medium with 10% fetal bovine serum. Both layers of agar were supplemented with Pi (1.2, 2.2, or 3.7 mmol/L NaPO 4 ) in the presence of DMSO or 10 ng/mL phorbol ester TPA (Alexis) in DMSO. The cells were cultured at 36°C for 14 d, stained with neutral red (Sigma) diluted 1:75 in PBS. Colonies were counted by an automated image analysis system supported by Image Pro-Plus (version 3.0.1) software (Media Cybernetics). Colonies with more than eight cells were scored. The transformation responses are presented as average number of colonies formed per 60 mm tissue culture dish (five replicates/treatment).
Immunoblotting
JB6 cells were cultured as above and nuclear isolation and immunoblotting were done as described previously (8) . Thirty micrograms of lysate were resolved on a 10% SDS-polyacrylamide gel. All antibodies were purchased from (Santa Cruz Biotechnologies, Inc.), except ERK1/2 from (Promega).
Northern blot assay
Total cell RNA was prepared using Trizol Reagent (Invitrogen) according to the recommendations of the manufacturer. A total of 10 μg of RNA was loaded per lane and separated by electrophoresis through a 1% formaldehyde-agarose gel. The RNA was transferred to a Hybond-N nylon membrane (Amersham Pharmacia Biotech, Inc.), crosslinked by UV irradiation, and baked at 80°C. The 32 P-labeled probes were prepared using a random prime labeling kit (Roche Diagnostics, Corp.). Between successive probes, blots were stripped by treatment with boiling 0.1% SDS. Radiochemicals were obtained from PerkinElmer Life Sciences, Inc. The OPN, Fra-1, and actin probes used for Northern blotting have been described previously (8) . The cDNA probe for Cox-2 (ptgs2) was created by reverse transcription-PCR using primers 5′-ATGCTCTTCC-GAGCTGTGCT-3′ and 5′-CAGCTCAGTTGAACGCCTTT-3′ and Egr1 using primers (5′-ATGGCAGCGGCCCAAGGCC-GAGATGCAATT-3′ and 5′-GCAAATTTCAATTGTCCTGGG-3′) and cloned into vector TOPO.2.1 (Invitrogen).
Promoter-luciferase assay
Transformation-sensitive JB6 cells were seeded at 2 × 10 4 per well in a 24-well plate. After 24 h, plated cells were transfected with 4× AP-1 luciferase construct (500 ng/well) and Renilla (50 ng/well; Promega) using Fugene (Roche). After another 24 h, the medium was replaced with DMEM and 0.2% fetal bovine serum (six replicates/treatment). After another 24 h, the medium was supplemented with 1, 2, or 3 mmol/L of Pi for 6 h and DMSO (control) or 10 ng/ mL of TPA in DMSO as indicated. The cells were washed in PBS and harvested in 1× lysis buffer. Firefly luciferase and Renilla activities were measured with a luciferase kit from Promega according to the recommendations of the manufacturer on a Turner Biosystems, Inc., microplate luminometer.
Electrophoretic mobility shift assay
Transformation-sensitive JB6 cells were serum-starved overnight, supplemented with 2 mmol/L of NaPO 4 for 0, 5, 10, 15, 30, and 60 min, and harvested in PBS. To separate nuclear and cytoplasmic fractions, cells were first lysed in a buffer of 0.25 mmol/L HEPES, 50 mmol/L of KCl, 2 mmol/L of phenylmethylsulfonyl fluoride, 100 μmol/L of DTT, 0.5% NP40, and protease inhibitors (at a final concentration of 2.0 μg/mL aprotinin, 2.0 μg/mL leupeptin, 1.0 μg/mL pepstatin, 100 μmol/L sodium orthovanadate, and 1 mmol/L of DTT). After centrifugation and removal of the cytoplasmic fraction, the nuclear pellet was lysed in an extraction buffer of 0.25 mmol/L of HEPES, 50 mmol/L of KCl, 2 mmol/L of phenylmethylsulfonyl fluoride, 100 μmol/L of DTT, 10% glycerol, and protease inhibitors at the concentrations indicated above. The protein concentration of cell lysates was determined with a BCA Protein Assay Reagent kit (Bio-Rad). Radiolabeled consensus AP-1 oligonucleotides, purchased from Santa Cruz Biotechnology, were generated according to the protocols of the manufacturer (Promega). DNA-binding reactions were done using 5 μg of nuclear extract, 5× Gel Shift Binding Buffer (Promega), labeled oligonucleotide, and nuclease-free water. Reactions were separated on 6% DNA retardation gels (Invitrogen). After separation, the gels were vacuum-dried and exposed to film. The supershift assay was done using nuclear lysate from a sample that was exposed for 5 min with 2 mmol/L of supplemented Pi. Labeled oligonucleotide and nuclear lysate were combined and incubated for 15 min followed by the addition of antibodies of the specific AP-1 family members. All antibodies were purchased from Santa Cruz Biotechnologies.
Ras activation assay
JB6 cells were serum-starved overnight and supplemented with 0, 2, or 4 mmol/L of NaPO 4 for 5 min (in addition to the 1 mmol/L in the medium). Ras activity was measured using the Ras-binding domain of Raf-1 to pull down active ras according to the protocols of the manufacturer (Cell BioLabs). Blots of whole cell lysate (50 μg) from the input were probed with antibodies to total ERK1/2 (Promega) and phosphorylated ERK1/2 (Santa Cruz Biotechnologies). For time course experiments, JB6 cells were supplemented with 2 mmol/L of Pi for 0, 2.5, 5, 10, or 15 min and ras activation assay was done. To investigate the requirement of phosphate transport, 1 mmol/L of foscarnet (phosphonoformic acid) was added 1 h prior to the supplementation of 2 mmol/L of Pi. Following separation by SDS PAGE, the resulting membrane was probed with a pan-ras antibody followed by N-ras, R-ras, H-ras, and K-ras-specific antibodies (Pan-ras antibody was from Cell BioLabs, all isoform-specific antibodies were purchased from Santa Cruz Biotechnologies).
Animals and diets
Mice (female FVB/N) were obtained at 4 to 5 wk of age from the National Cancer Institute-Frederick Animal Production Area, Frederick Cancer Research and Development Center (Frederick, MD). Mice were housed in a facility with controlled conditions (temperature, 21-24°C; humidity, 40-70%; light/dark cycle, 12 h light/12 h dark). Until 8 wk of age, mice were fed ad libitum NIH-31 diet (1.1% phosphate; Harlan Teklad). At 8 wk of age, mice were randomly assigned to either a low-phosphate diet (LPD; 0.2% phosphate) or a high-phosphate diet (HPD; 1.2% phosphate; Table 1 ) both manufactured by TestDiet (Purina Mills). For the two-stage skin carcinogenesis model, 14 mice/group were shaved at 8 wk of age. After 2 d, mice were topically treated with 400 nmol/L of DMBA (Sigma) in 200 μL of acetone. Starting 14 d after DMBA initiation, the mice were topically treated with 10 nmol/L of TPA (Alexis) in 200 μL of acetone twice a week. Mice were visually examined weekly for skin papilloma and squamous cell carcinoma number and size. Every 3 wk, individual body weights and food disappearance per cage (three or four mice/cage) were measured. Mice were sacrificed at 27 wk of age.
For the serum analysis, five mice/group were fed starting at 8 wk of age the experimental diets for 5 wk. Serum samples were collected from the mice by cardiac puncture. Serum concentrations of phosphorus, calcium, magnesium, creatinine, uric acid, and total protein were measured by the Laboratory of Experimental Immunology, National Cancer Institute, Frederick, MD. Serum concentrations of parathyroid hormone (PTH) and insulin growth factor I were measured by AniLytics. In addition, six mice/group were fed starting at 8 wk of age diets containing 0.2% or 
Statistical analysis
Statistical analysis was conducted using SAS version 9.1 (SAS, Inc.). For the cell culture studies, a one-way ANOVA was used. When significant effects were detected (F test significant at P < 0.05), we used a two-sided t test to compare each of the two higher Pi concentrations with the lowest Pi concentration. For the animal studies, papilloma size and mouse weight data were analyzed as a repeated measures study using the mixed models procedure (PROC MIXED). Papilloma size data were transformed to the log (X + 0.5) scale so that the data were approximately normally distributed. The fixed effects in the model were dietary Pi (low, high), time (week of age), and the interaction of dietary phosphate and time. A completely unrestricted variancecovariance structure was used to account for repeated measures taken on individual mice across time. The effects of dietary Pi were evaluated by comparing the estimated values at each time point with each other using two-sided t tests in the LSMEANS statements. Papilloma and squamous cell carcinoma incidence data of the two dietary Pi groups were compared by using Fisher's exact test in PROC FREQ. Concentrations of serum variables of the two dietary Pi groups were compared using a two-sided Student's t test. Significance was declared at P ≤ 0.05 and trends toward significance were declared at P ≤ 0.10. Unadjusted means and SEM are presented.
Results and Discussion
It is becoming increasingly apparent that diet could have profound effects on functional genomics and represents an area of research that has yet to be exploited for potential health benefits. Pi is a common dietary component that may directly alter cell and tissue behavior in just such a manner. Almost four decades ago, studies noted that contact-inhibited 3T3 cells responded to serum stimulation with a rapid increase in Pi transport (31) and described Pi as a limiting nutrient in proliferation (4-6), capable of actively altering cell growth properties (32) and transformation (7) . Recent in vitro results suggest that Pi is capable of stimulating specific signal transduction pathways including ERK1/2 and Akt (8, 12, 13) , and suggest a paradigm shift from viewing inorganic phosphate as a passive requirement in these processes to an active regulator, thereby defining a novel mitogenic signal. Based on these in vitro studies, we hypothesized that Pi is in fact a mitogen. It would then follow that the level of available Pi would actively alter the transformation potential of cells in response to a tumor-promoting event.
Elevated phosphate increases proliferation and promotes transformation
We used a number of assays to determine if elevated Pi promotes proliferation. Throughout our in vitro studies, we have used a spectrum of final Pi concentrations to cover the physiologic range of both mice and humans. Elevated Pi promoted cell proliferation as measured by cell viability (Fig. 1A) , cell number (Fig. 1B) , and the percentage of cells in the S and G 2 -M phases of the cell cycle (Fig. 1C) . Additionally, elevation of Pi in a physiological range increased the conversion of transformation-sensitive JB6 cells to anchorage-independent growth, which represents a well-defined marker of transformation in vitro and correlates specifically with tumorigenicity in vivo (33) . An increase of as little as 1 mmol/L of Pi alone increased growth and anchorage-independent growth in soft agar ( Fig. 1A and D) . Supplementation with 1 mmol/L of Pi (in addition to the 1 mmol/L of Pi in the medium) indicates that elevated Pi alone is sufficient to enhance cell transformation. Furthermore, elevated Pi acted synergistically with TPA, which is commonly used to promote cell transformation in JB6 cells, to increase growth in soft agar (Fig. 1D ), indicating that Pi renders JB6 cells more sensitive to TPA induced transformation. The soft agar response correlated with a dose-dependent increase in gene expression of OPN, Fra-1, and Cox-2 ( Fig. 1E) , which are linked to transformation in the JB6 model (22, 27) . The augmentation of the TPA response by Pi was also correlated with the expression of osteopontin (Fig. 1F ). In particular, OPN (spp1) represents a gene/protein that is tightly associated with transformation, inflammation, and metastasis and is an extracellular matrix and circulating factor (21, 22) . The growth of JB6 cells in soft agar has been shown to be dependent on OPN expression (34), and recently, OPN was found to be regulated by AP-1 under transforming conditions in JB6 cells model (24) . The expression of OPN is often considered a late response, and to determine if elevated Pi resulted in an upstream response, cells were analyzed for gene expression at earlier time points. The results revealed that, in fact, elevated Pi alters the early growth response-1 (Egr1) gene within 30 minutes of exposure (Fig. 1G) . Egr1 is considered a marker of cell growth and proliferation and we have previously described it as a Pi-responsive protein (35) . Fra-1 and Cox-2 begin to increase later in the response and OPN does not change at these relatively early time points. In summary, our results suggest that high levels of available Pi promote proliferation and transformation as well as the gene expression changes necessary for transformation in JB6 cells.
Elevated phosphate activates AP-1
To elucidate the molecular mechanism by which high levels of available Pi promote cell proliferation, transformation, and changes in gene expression, we focused on AP-1 and ras activation. Our previous in vitro studies suggested that Pi is a molecule capable of regulating specific signal transduction pathways including ERK1/2 and Akt, and subsequent gene expression leading to increased proliferation (8, 12, 13) . The strong link between AP-1 transcription factor activation and JB6 transformation (14, (36) (37) (38) and the increased expression of the AP-1 transcription factor Fra-1 in response to Pi (Fig. 1E) suggested that the AP-1 transcription factor family might be responsive to Pi.
Parallel to the soft agar response (Fig. 1D) , elevated Pi alone was sufficient to promote AP-1 activity and augment TPA in promoting AP-1 activity (Fig. 2A) . The effect of elevated Pi on AP-1 DNA binding was rapid (within 5 minutes; Fig. 2B ) and supershifts suggest the presence of at least the AP-1 transcription factors Fra-2, JunB, and FosB at this early time point (Fig. 2C) . In agreement with the rapid stimulation of these AP-1 proteins, Fra-2 and JunB have been previously shown to be regulated within 30 to 45 minutes in response to serum stimulation and suggests elevated Pi induces a common, early growth signaling response (39) . Although, JunB has also been linked to senescence-promoting activities (40) , the strong induction of proliferation by Pi suggests a positive role in this case. It is possible that the dimerization partner may determine the positive or negative effect of JunB on proliferation. To determine if high Pi results in changes in AP-1 protein levels or posttranslational modification(s) nuclear lysate from JB6 cells was analyzed by Western blotting. Results suggest a change in the protein status of Fra-2 with a rapid shift to a slower migrating form in response to elevated Pi (Fig. 2D ). Other AP-1 proteins did not seem to be significantly altered at these time points. To confirm changes in gene expression under these conditions, RNA was analyzed for Egr1 expression and showed a strong increase within 20 minutes of elevated Pi exposure (Fig. 2E) . In summary, our results suggest that one potential mechanism by which high levels of available Pi promote cell proliferation and transformation in JB6 cells and the gene expression changes necessary for transformation is by promoting AP-1 DNA binding.
Elevated phosphate activates N-ras
Transformation of JB6 cells is dependent on the activation of the Ras-Raf-MEK pathway (41). Our previous studies combining proteomic and microarray analyses in the preosteoblast cell line predicted that the ras family was involved in Pi signaling (10) . As hypothesized, elevated Pi promoted within 5 minutes ras activity and ERK1/2 phosphorylation in JB6 cells (Fig. 3A) . At this early time point, elevated Pi primarily activated N-ras (Fig. 3B) . Reprobing stripped blots with antibodies to H-, K-, and R-ras showed no detectable change in response to Pi (data not shown), suggesting that elevated Pi selectively activates N-ras. Quantification of three experiments suggested a significant time-dependent increase of N-ras activity in response to elevated Pi (Fig. 3C) . The Pi-induced increase in N-ras activity at this early time point could be inhibited by blocking phosphate transport into the cell (Fig. 3D) , as evaluated by pretreatment with 1 mmol/L of the known phosphate transport inhibitor, phosphonoformic acid, also known as foscarnet (42) . This provides strong evidence that the availability of Pi alters N-ras activity and identifies Pi as a novel regulator of ras activity. To determine if GTP signaling occurs upstream of ERK1/2 activation, JB6 cells were serum-starved and pretreated overnight with GDPβS, a stable, inactive analogue of GDP, and treated with phosphate for 10 minutes. The resulting Western blot revealed that inhibition of GTP signaling blocked phosphorylation of ERK1/2, suggesting the GTP signaling event is upstream (Fig. 3E) .
The N-ras knockout mice are viable and grow normally (43); however, these mice are less responsive to carcinogen-induced tumors than wild-type mice and overexpression of wild-type N-ras has been shown to increase the incidence of lymphomas (44) . To our knowledge, the Nras null mouse has not been tested in the two-stage model. Our data suggest that normally activated N-ras cooperates with activated H-ras to enhance tumor formation, progression, or both. A precedent for such a scenario has been suggested using the N-ras null mice. This study showed the stimulation of Raf and Rhoa by N-ras and Akt and simultaneous activation of cdc42 by K-ras to cooperate in transformation (45) . Another study using a colon cancer model showed that expression of active K-Ras (G12D) altered proliferation whereas active N-ras (G12D) altered apoptosis, again suggesting unique, nonoverlapping, and cooperative roles for the ras isoforms in transformation (46) . In summary, our results suggest that another potential mechanism by which high levels of available Pi promote cell proliferation, transformation, and gene expression in JB6 cells is by activating a Ras signaling network.
HPD increases sensitivity to skin papillomagenesis
The JB6 transformation model has been shown to be predictive of results in the two-stage skin carcinogenesis model. Consistent with the results in the JB6 model, high dietary phosphate (HPD, 1.2% Pi) increased skin papilloma number by 50% compared with low dietary phosphate (LPD, 0.2% Pi) in DMBA/TPA-treated female FVB/N mice ( Fig. 4A and B) . Similarly, in a recent study of lung tumorigenesis in mice, high dietary Pi (1.0%) increased tumor number and size compared with 0.5% Pi (47), suggesting a general promoting effect of high dietary phosphate level on tumorigenesis. Although all mice developed at least one papilloma and papillomas of similar size at the end of trial, there was a trend toward delayed incidence and growth ( Fig. 4B and C) . Speculatively, mice on the HPD develop papillomas earlier and more papillomas might progress to squamous cell carcinoma than the mice on the LPD (HPD, 3.9% or 5 of 127 papillomas versus LPD; 2.3% or 2 of 86 papillomas), although more data are needed for statistical validation of these observations. However, the fact that the papillomas were smaller in size with the LPD and taken with a recent study which showed that HPD stimulated increased cell proliferation and lung tumorigenesis of K-ras active mice (47) suggests that the HPD does accelerate proliferation. Neither of the Pi diets affected body weight (Fig. 4D ) or feed consumption (data not shown), which is consistent with the results in the lung tumorigenesis model (47) . In summary, our results suggest that high dietary Pi promotes skin tumorigenesis in DMBA/TPA-treated female FVB/N mice.
HPD increases serum osteopontin levels
Altered serum phosphate might not only influence cell and tissue behavior by cell autonomous effects but also paracrine and endocrine effects. Levels of serum phosphate in mice and humans have been shown to be positively correlated to PTH levels (48, 49) . Although the receptor for PTH has been identified in rodent keratinocytes (50), the presence in human keratinocytes is not clear (51) , and little is known about its potential effects on cell behavior. We found that HPD increased serum concentrations of phosphate and PTH, and decreased concentrations of calcium and uric acid, whereas serum insulin growth factor-I, magnesium, creatinine, and total protein concentrations were not affected ( Table 2 ; Fig.  5A ). This suggests a specific rather than a general effect of dietary Pi on circulating factors. Here, we report an Fig. 4 . HPD promotes skin tumorigenesis in DMBA/TPA-treated FVB/N mice. A, HPD increases skin papilloma number in DMBA/TPA-treated FVB/N mice: skin papilloma numbers were counted weekly from 14 mice/group that were fed for 19 wk with HPD (1.2% Pi) or LPD (0.2% Pi) starting with the DMBA initiation. *, differences between dietary groups at P < 0.05. B, HPD accelerates early skin papilloma growth: skin papilloma dimensions were measured weekly from 14 mice/group that were fed for 19 wk with HPD or LPD starting with the DMBA initiation. *, differences between dietary groups at P < 0.05. C, HPD accelerates the first appearance of skin papilloma number in DMBA/TPA-treated FVB/N mice: skin papilloma numbers were counted weekly from 14 mice/group that were fed for 19 wk with HPD (1.2% Pi) or LPDs (0.2% Pi) starting with the DMBA initiation. *, differences between dietary groups at P ≤ 0.05. D, the LPD does not affect body weight in DMBA/TPA-treated FVB/N mice: individual body weight was measured every 3 wk from 14 mice/group that were fed for 19 wk with HPD or LPD starting with the DMBA initiation.
additional circulating serum factor that is Pi-responsive, OPN (Fig. 5B) . Osteopontin is known as both a survival factor and as a mediator of macrophage infiltration to the tumor site (52) . Therefore, elevated circulating OPN concentrations might promote tumor initiation and progression. Consistent with our results in JB6 cells (Fig. 1) , high dietary Pi increased synergistically with TPA serum concentrations of OPN (Fig. 5B) . In summary, our results suggest that an additional mechanism by which changes in serum Pi might promote tumorigenesis is by increasing the levels of circulating OPN.
Dietary phosphate can effect steady state serum phosphate levels
Our in vitro studies were done using a spectrum of Pi concentrations physiologically relevant to both humans and mice. In humans, steady-state serum phosphate concentrations generally range from 0.70 to 1.55 mmol/L, although levels differ slightly with sex and age. However, serum levels in humans could vary by as much as 1.2 mmol/L following a high-phosphate meal and remain stably altered from diet alone (53) (54) (55) . Although basal serum phosphate levels are different between mice and humans, the percentage of change we achieved in our study is in line with what is achievable in humans. The diets used herein resulted in a change in serum phosphate from 2.17 mmol/L (LPD) to 3.42 mmol/L (HPD), a 37% difference ( Table 2 ). The change is proportional to differences found in humans in response to altered Pi diets (53, 54, 56) . The results presented here suggest that differences in dietary Pi could cause significant long-term differences in steady-state serum phosphate levels in agreement with other published long-term diet studies in both rodents (57, 58) and humans (48, 53, 56, 59, 60) . Due in part A, a HPD increases serum concentrations of PTH, but not insulin growth factor-I in FVB/N mice: serum samples were taken from five mice per group that were fed for 5 wk with HPD (1.2% Pi) or LPDs (0.2% Pi), and analyzed for PTH and insulin growth factor-I. Columns with different characters differ at P < 0.05. B, a HPD increases the serum concentrations of OPN in TPA-treated FVB/N mice: serum samples were taken from six mice per group that were fed for 2 wk with HPD (1.2% Pi) or LPD (0.2% Pi), and then were treated topically 6 h before sample collection with acetone (control) or 10 nmol/L of TPA in acetone. Columns with different characters differ at P < 0.01.
to the increased consumption of processed foods, the amount of Pi in the American diet continues to increase above levels already considered high by the Food and Drug Administration (59) . The current dietary recommended allowance for Pi is 700 to 800 mg/d, and the tolerable upper intake limit is 4,000 mg/d for adults. It is important to note that the diets reported here have increased Pi without corresponding changes in calcium as would be the case with a diet high in dairy (59) . A human dietary equivalent of the daily Pi consumption of our mice is 500 mg/d for the LPD and 1,800 mg/d for the HPD. More than 50% of young and middle aged men consume >1,600 mg/d and these calculations largely reflect "natural" sources of Pi and are therefore likely an underestimate (61).
In conclusion, the in vitro and in vivo results reveal that elevated Pi promotes cell transformation and skin tumorigenesis and suggest at least two different means. First, elevated Pi may act in a cell autonomous manner as a mitogen and promote proliferation and transformation through activation of a signaling pathway consisting of ras and ERK1/2. Elevated Pi may promote AP-1 transcriptional activation early in the response and ultimately changes in gene expression such as OPN, a known autocrine, paracrine, and endocrine factor later in the response. Secondly, elevated Pi increases circulating concentrations of PTH and OPN, both of which could act as endocrine factors and promote tumorigenesis. The significance of OPN in papilloma formation in the two-stage model has been recently shown using the OPN-null mice in which the lack of osteopontin markedly suppressed papilloma development, possibly through the prevention of apoptosis (62) . As the amount of Pi in the human diet, and in particular the western diet, continues to increase (59), it will be important to fully understand the influence of Pi on cell and tissue function and the relationship to tumorigenesis (63) . Furthermore, these studies identify dietary Pi as a novel target for chemoprevention.
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